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Abstract 
The development of brain circuits is coupled with changes in neurovascular coupling, which 
refers to the close relationship between neural activity and cerebral blood flow (CBF). Studying 
the characteristics of CBF during resting state in developing brain can be a complementary way 
to understand the functional connectivity of the developing brain. Arterial spin labeling (ASL), 
as a noninvasive MR technique, is particularly attractive for studying cerebral perfusion in 
children and even newborns. We have collected pulsed ASL data in resting state for 47 healthy 
subjects from young children to adolescence (aged from 6 to 20 years old). In addition to 
studying the developmental change of static CBF maps during resting state, we also analyzed the 
CBF time series to reveal the dynamic characteristics of CBF in differing age groups. We used 
the seed-based correlation analysis to examine the temporal relationship of CBF time series 
between the selected ROIs and other brain regions. We have shown the developmental patterns 
in both static CBF maps and dynamic characteristics of CBF. While higher CBF of default mode 
network (DMN) in all age groups supports that DMN is the prominent active network during the 
resting state, the CBF connectivity patterns of some typical resting state networks show distinct 
patterns of metabolic activity during the resting state in the developing brains.  
 
Keywords  
ASL, CBF, Resting State, cerebral perfusion, brain development   
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Introduction 
Brain maturation (both structural and functional) continues through childhood and adolescence 
into early adulthood. The development of brain circuits is coupled with changes in neurovascular 
coupling [1], which refers to the close relationship between neural activity and cerebral blood 
flow (CBF) [2]. Regional neural activity produces an increase of regional blood flow to meet its 
energy needs. Thus cerebral metabolism and the regional functional activity are highly correlated 
to CBF, i.e., cerebral perfusion. Therefore, cerebral perfusion can be used as an indirect measure 
of the energy demand in the brain [3]. Characterization of the regional change in cerebral 
metabolism during brain development is very important because it enhances our understanding 
of structure-function relationships in normal and diseased brains. Since cerebral perfusion 
reflects cerebral metabolic demand, it is important to study the trajectory of cerebral perfusion in 
the developing brain. 
Studies have shown that regional CBF (rCBF) is closely coupled with glucose utilization, oxygen 
consumption, and aerobic glycolysis in resting brains [4,5]. Using positron-emission tomography 
(PET) imaging, changes in rCBF have been shown to be proportional to changes in regional 
glucose metabolism due to task activation [6]. Furthermore, the changes of regional metabolism 
and regional CBF throughout childhood have been measured with PET, single-photon emission 
computed tomography (SPECT), or perfusion computed tomography (CT) [7-9]. However, CT 
and nuclear medicine techniques are expensive and require injection of radioactive tracers or 
contrast agents, which are costly, uncomfortable, and potentially harmful. As a result, these 
methods are not ideal for studying brain perfusion in healthy children. Though the period from 
birth to adolescence is the most important in brain development, pediatric CBF data are still 
sparse due to a lack of consensus on the technique of choice for measuring CBF and limited 
availability of CBF techniques. 
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Arterial spin labeling (ASL) is a noninvasive MR technique that has been developed to evaluate 
cerebral perfusion [10]. ASL has been extensively validated against the nuclear medicine 
methods (PET and SPECT) and other MRI perfusion technique, namely dynamic susceptibility 
contrast MRI (DSC-MRI) [11,12]. In ASL, arterial water is used as an endogenous tracer. To 
distinguish static tissue water in the brain from the flowing arterial water, the water spins in the 
blood are inverted prior to arrival in an area proximal to the region of interest. Because ASL does 
not require intravenous injection of radioactive tracers or contrast agents, it can be repeated 
safely over time. Therefore, ASL is particularly attractive for studying cerebral perfusion in 
children, even newborns and infants. Since CBF maps at different ages can be used to evaluate 
the trajectory of brain perfusion in the developing brain, ASL MRI has been used as a biomarker 
for functional brain development. Several studies have investigated developmental changes of 
brain perfusion using ASL at 1.5 T and 3 T [13-16]. Nevertheless, these studies only focused on 
the developmental changes of static CBF, not the dynamic characteristics of CBF. 
Historically, based on how the labeling is done, ASL techniques have been classified as 
continuous ASL (CASL) and pulsed ASL (PASL) before the recent developments of pseudo-
continuous ASL (pCASL) and velocity selective ASL (VSASL). Until recently, PASL has been 
more widely used than CASL because of its easier implementation. Though CASL has higher 
signal-to-noise ratio (SNR) than PASL, CASL requires a long radio frequency (RF) labeling 
pulse (typically ~2s), which is taxing on the hardware. Therefore, CASL is not widely 
implemented on many commercial MR scanners. On the contrary, PASL uses short RF labeling 
pulse (usually 10-15 ms) and can be implemented easily on commercial MR scanners [17]. 
Nevertheless, a notable advantage of PASL methods in investigations of brain perfusion in 
infants and young kids is the reduced risk of excessive RF power deposition from the labelling 
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pulse, since the duty cycle of this pulse over repetition time (TR) is very low [16]. In our study, 
we chose a multi-slice PASL method to collect CBF time courses in resting state from healthy 
subjects at differing ages.  
The advantage of collecting baseline CBF images is that the time-series can be used to 
investigate the functional connectivity of brain perfusion. Resting state fMRI is becoming more 
popular in studying the development of functional brain connectivity. Resting state fMRI 
provides a method without the use of external tasks, which is more convenient than performing 
task activation fMRI in infants and younger children. Resting state ASL is both complementary 
and advantageous to blood-oxygen-level dependent (BOLD) fMRI resting state alone.  
Compared to the complexity of the BOLD signal, the ASL signal follows the time course of a 
single physiological parameter (CBF). Most relevantly, ASL is not dependent on baseline 
changes, and therefore is less affected by scanner drifts [18]. Consequently, ASL can detect 
changes in the very low frequency range, which is not achievable with BOLD fMRI. Regional 
CBF can be used as a reasonable surrogate of metabolism in resting states. BOLD fMRI data and 
ASL perfusion contrasts have been used to investigate the relationship between functional 
connectivity strength (FCS) and rCBF during resting and task states in adult brains [19,20]. 
These studies have evaluated the correlations between resting BOLD fMRI and CBF. They have 
suggested that resting BOLD fMRI measures are coupled with regional CBF, which reflects the 
underlying spontaneous brain activity. 
Since analysis of CBF time series can reveal the characteristics of the development of functional 
connectivity, we used the seed-based correlation analysis to examine the temporal relationship of 
CBF between the selected ROIs and other brain regions in the subjects aged from 6 years old to 
20 years old. In this study, we explore the feasibility that with the use of noninvasive ASL 
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technique, the dynamic characteristics of CBF in developing brain can be used as a 
complementary way to understand the functional connectivity of the developing brain, in 
addition to the developmental changes of static rCBF. 
 
                                                                                                                                                                                                                                                                                                  
Materials and Methods 
MRI Acquisition 
MRI data used in this study were extracted from MRI data pool of healthy controls from several 
studies done on the same scanner. All MRI scans were approved by the local IRB, and informed 
consent was obtained from parents for subjects under the age of 18 and from subjects older than 
18. During the resting state ASL scans, all subjects were instructed to stay awake and keep eyes 
close. We have collected ASL data for 47 healthy subjects: 6-8 year-old (N=8, 3 males, 7.6±0.6 
years), 9-11 year-old (N=9, 4 males, 10.7±0.9 years), 12-14 year-old (N=10, 4 males, 12.8±0.8 
years), 15-17 year-old (N=10, 5 males, 16.1±0.8 years), and 18-20 year-old (N=10, 5 males, 
19.0±0.5 years). All scans were performed on a GE Signa 3T HDx scanner (GE Healthcare, 
Chicago, USA) with an 8-channel receive-only head coil (Invivo Corporation, Gainesville, USA). 
A Pulsed ASL (PASL) perfusion sequence was implemented using a proximal inversion with 
control for off-resonance effects (PICORE) quantitative imaging of perfusion using a single 
subtraction (QUIPSS II) sequence [21]. Inversion of arterial spins was achieved using a 15ms 
hyperbolic secant RF pulse over a slab of 9cm thickness, located 2cm below the image volume. 
The same PASL sequence has been used in a previous study with newborns on the same scanner 
[22]. A 2-D single-shot gradient-echo echo-planar imaging (EPI) sequence was used for image 
acquisition in axial-oblique orientation. The time to QUIPSS saturation pulse is TI1 = 600 ms 
and inversion time of the first slice is TI2 = 1300ms. Other acquisition parameters included: 3.75 
x 3.75 mm2 in-plane resolution, TE (echo time) = 26 ms, TR = 2300 ms, flip angle 90°, slice 
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thickness 6 mm, inter-slice spacing 0.5 mm. Eighteen slices were acquired sequentially from 
inferior to superior in the brain. Each ASL scan with 151 brain images (including 76 control 
images and 75 label images) and 5 dummies required 5 min 59 sec totally. A separate M0 scan 
using gradient-echo EPI with TR of 15s was acquired and used as a control image for 
quantification of CBF [21]. In addition to the ASL-related sequences, we acquired a 3-D T1-
weighted structural image using inversion recovery prepared fast SPGR (IR-FSPGR) with spatial 
resolution of (1mm)3. We also acquired a 2-D T1-weighted-fluid-attenuated inversion recovery 
(T1-FLAIR) images with the same slice placement as the ASL sequence had, but with higher in-
plane resolution (0.94 x 0.94 mm2).  
Data Processing 
The PASL data were preprocessed for head motion correction and spatial smoothing with an 8-
mm Gaussian kernel via Statistical Parametric Mapping (SPM) software [23]. Any volumes with 
large motion (translation larger than 2mm and/or rotation larger than 1.5° between consecutive 
volumes) were removed. Data with large motion in more than 10% of volumes were excluded. 
After perfusion-weighted images were calculated by surround subtraction in which each label 
image is subtracted from the average of its two nearest control images, CBF maps were then 
calculated as described in [21,24,25]. For each participant, an average CBF map was obtained by 
averaging across the CBF time series. First we calculated the global CBF value for each 
participant. Some variability in the observed CBF values of differing subjects was likely because 
of the variability in labeling efficiency. Then to reduce such variability in CBF for the group 
analysis, the static CBF map of each subject was divided by the global CBF of that subject, so 
that the CBF map was converted to a relative CBF map [26].  
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The dynamic characteristics of CBF were examined by analyzing the time course of the PASL 
data. We used seed-based correlation analysis to examine the temporal relationship between the 
selected regions of interest (ROIs) and other brain regions. For seed ROIs, a small cluster of 
voxels were drawn in insula, posterior cingulate cortex (PCC)/precuneus, medial prefrontal 
cortex (MPFC)/anterior cingulate cortex (ACC), and thalamus, respectively, on the individual 
CBF map. All these regions have higher static CBF than the whole brain mean CBF, and are 
parts of resting state networks [4,27,28]. A neuroscientist with more than 10 years of experience 
checked the position of each seed ROI on the corresponding T1-FLAIR overlay image to make 
sure that it is in the correct position. The seed size for each ROI (3 voxels in the anterior region 
of right insula, 4 voxels in PCC/precuneus, 4 voxels in MPFC/ACC, and 4 voxels in right 
thalamus) was kept the same for all subjects. We extracted the CBF time series from the original 
PASL signals with reduced contamination from BOLD fluctuations [29,30]. The PASL data set 
was first high-pass filtered with a cutoff frequency of 1/4TR (0.1087Hz). Then the filtered time 
course was demodulated to low frequency by multiplying cos(πn) (n is the scan index). This way 
we reduced the potential contamination from BOLD in analyzing CBF fluctuation brains during 
the resting state [29,30,22].  After extraction with reduced BOLD contamination, the time course 
of each voxel in the brain was correlated with the average time course of the seed ROI. Thus the 
correlation coefficient (CC) map is obtained for each subject. The correlation coefficient 
measures the strength of the linear relationship between the signal intensity in each voxel and 
that in selected seed ROI.  
Data Analysis 
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We plotted the mean global CBF and the average static CBF maps for all the age groups. As a 
comparison, we also included the CBF results from a group of newborns (N=10, 0.5±0.1 months) 
obtained using the same method in a previous study [22]. 
For each age group, we used DARTEL toolbox in SPM [31] to create a group template using the 
T1-weighted structural images of all subjects in that group. Therefore we had age-specific 
templates, which were preferred for pediatric cohorts [32]. Then all static CBF maps in the same 
age group were normalized to the group template via SPM [33]. A voxel-wise one-sided one-
sample t-test against 1 (=1 vs >1) was performed on the relative CBF maps for each age group. 
The regions with static CBF significantly higher than the global average can be identified. On the 
normalized CBF maps, we drew the ROIs in the regions which showed higher CBF than the 
whole-brain mean CBF in previous studies [4,30], such as MPFC/ACC, PCC/precuneus, 
thalamus, and insula. To study the dynamic characteristics of CBF, the correlation coefficient 
maps were also normalized to the corresponding group template. In each age group, a voxel-wise 
one-sided one-sample t-test was performed on the normalized individual CC maps to find out the 
regions highly correlated to the seed ROI.   
 
Results  
The average global CBF values across the age groups are shown in Fig. 1. The global CBF rises 
in the early childhood, and then falls in the late childhood.  
The average relative CBF (relCBF) maps for different age groups are shown in Fig. 2.  Here too, 
for  comparison, we calculated the relative CBF maps acquired using similar method in 
newborns (N=10, 0.5±0.1 months) from a previous study [22]. For newborns, CBF is higher near 
the basal ganglia, temporal lobe, and PCC. For the other age groups (from 6 to 20 y.o.), the CBF 
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in PCC/precuneus, MPFC/ACC, thalamus, and insula, are higher than the global CBF of the 
whole brain. Fig. 3 shows the mean values of relative CBF in the ROIs within PCC/precuneus, 
MPFC/ACC, thalamus on both sides, and insula on both sides, all of which were chosen on the 
average relCBF maps in each age group. In groups 6-8 y.o., relCBF values in the posterior 
regions with relCBF >1 are greater than those in the anterior regions.  In groups 9-11 y.o. and 
12-14 y.o., relCBF around insula and MPFC/ACC become higher gradually. Then the pattern of 
relCBF remains similar for groups 15-17 y.o. and 18-20 y.o..  
A voxel-wise one-sided one-sample t-test against 1 was performed on the relative CBF maps for 
each age group. Fig. 4 shows the regions with CBF significantly higher than global CBF (P = 
0.001). We counted the number of voxels with relCBF>1 (P = 0.001) within the brain section 
defined by the top and bottom slices in Fig. 4, and calculated its percentage in total voxel number 
in this brain section (Fig. 5). Group 12-14 y.o. has the most extended region with relCBF>1 (P = 
0.001) among all groups. 
As described in Materials and Methods, the seed ROIs were selected in right insula, 
PCC/precuneus, MPFC/ACC, and right thalamus, respectively, on the individual CBF maps. For 
each seed ROI, the correlation coefficient (CC) was computed on a voxel-wise base for each 
participant. In each age group, a voxel-wise one-sided one-sample t-test CC>0.4 against CC=0.4 
was performed on the individual CC maps normalized to the group template.  Figs 6-9 shows the 
regions with CC>0.4 significantly (P=0.05).  We also counted the percentage of voxels with 
CC>0.4 (P=0.05) in these CC maps (Figs. 6-9) within the same brain sections (between Slices 
#25 and #56) for differing age groups (Fig. 10). Figs. 6 and 10 show that the groups 12-14 y.o. 
and 15-17 y.o. have more extended regions correlated to the ROI seed in the insula. Figs. 7 and 
10 show that as age increases, the region correlated to the seed ROI in PCC/precuneus becomes 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
11 
 
more extended and peaks in adolescent group (15-17 y.o.). Fig. 8 shows that the region 
correlated to the seed ROI in MPFC/ACC is a large cluster in group 6-8 y.o.. As age increases 
(in group 18-20 y.o.), there are more regions showing correlation to the seed ROI, though each 
region is more refined. Fig. 9 shows that the region correlated to the seed ROI in thalamus does 
not change as dramatically as those regions correlated to the other seed ROIs. 
 
Discussion 
In this study, we used a PASL sequence and perfusion model based on parameters derived from 
healthy adults. As explained in [16], though optimizing the perfusion model for pediatric 
population is of importance due to large variability in pediatric age groups, it is still reasonable 
to do pediatric CBF quantification using adult model since the effects of changing values of 
some parameters such as blood T1 and blood-brain partition coefficient of water can be balanced 
by each other. Another factor may affect CBF quantification is the growth of neck during 
childhood. The growth of neck could affect the optimal position of tagging plane for best tagging 
efficiency in CASL or pCASL and therefore the position of tagging plane may need adjustment 
on an individual basis [34]. However, in the PASL sequence we used, a wide tagging slab (9 cm 
thick) was placed 2 cm below the imaging slab, which should be less sensitive to the effect of 
growth of neck.   
ASL perfusion fMRI is an ideal method for developing biomarkers of functional brain 
development. Compared to PET and SPECT, a big advantage of ASL is its safety features. Most 
of PET and SPECT studies on children are in pseudo-clinical samples. Our samples are much 
more representative of healthy children. Although the PET studies and ours were cross-sectional, 
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ASL will be more amenable to longitudinal designs to identify true developmental trajectories in 
health and illness.  
With the results from PASL, the trend of global CBF with age (Fig. 1) shows that CBF increases 
dramatically from birth to young childhood, and then gradually declines throughout adolescence.  
Our data on changes of regional CBF in resting state throughout the brain development is 
consistent with those results obtained in other studies [7,9,14,15]. Using PET, Chugani et al. 
(1987) showed that regional cerebral glucose metabolism increased from birth, peaking at ~9 
years, followed by a decline to adult levels throughout the teenage years [8]. With SPECT, 
Chiron et al. (1992) showed that regional CBF increased from birth until 5 or 6 years old, and 
then decreased to adult levels between 15 and 19 years. Some recent studies using ASL MRI also 
shows similar trends [14,15]. The time needed to reach adult values differed for differing cortical 
regions. From developmental trajectories of regional CBF (Figs 2, 3, and 4), regional CBF 
increases with age in the frontal cortex and anterior cingulate cortex, which may reflect the later 
maturation of cortical regions associated with executive function and cognitive control [35].   
Differences between older and younger individuals in CBF of MPFC and ACC could be 
interpreted as the need for recruiting the anterior insula in the developed brain that is absent in 
adolescents.  Studies have shown lack of activation in anterior insula in adolescents [36]. The 
findings of higher CBF in insula and MPFC/ACC in adults is consistent with others’ findings 
showing the anterior insula‘s involvement in regulatory behavior [37], which indicates greater 
functional connectivity in the prefrontal regions to the anterior insula in adults compared to 
adolescents. Absence of such association for young children and adolescents could be due to the 
lower connectivity of insula with dorsolateral prefrontal cortex (DLPFC) and dorsal anterior 
cingulate cortex (dACC) in early life than in adults. The differences in CBF is consistent with 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
13 
 
prefrontal activation and connectivity that also supports the dysregulated behavior usually 
exhibited in children and adolescents. 
In addition to the developmental changes of static rCBF, there are developmental patterns in the 
CC maps of the dynamic CBF changes between the selected seed ROIs and other brain regions 
(Figs. 6-9). These selected seed ROIs (in PCC/precuneus, MPFC/ACC, insula, and thalamus) are 
parts of resting state networks (RSN) [4,27,28]. There are already studies combining the BOLD 
fMRI data and ASL data to investigate the relationship between the functional connectivity and 
the rCBF during the resting state in adult brains [19,20]. In this paper, we demonstrate distinct 
CBF-based developmental patterns in pediatric age groups. PCC/precuneus seed-based network 
is a major part of default mode network (DMN) (Fig. 7), which has higher CBF than other RSNs 
in all age groups from 6-20 y.o. (Fig. 4) and show more extended regions in 15-17 y.o and 18-20 
y.o. than in younger age groups (Figs. 7 and 10). Higher CBF in DMN supports that DMN is the 
most prominent active network during the resting state [19].  MPFC/ACC seed-based network in 
18-20 y.o. group also shows pattern of auditory network (Fig. 8) [38] while those in younger age 
groups show less of it (Fig. 8). Our results show distinct connectivity patterns of metabolic 
activity in regions correlated to PCC/precuneus, MPFC/ACC, insula, and thalamus in the 
developing brains and could benefit from the results of the studies evaluating the correlations 
between resting BOLD fMRI and CBF [19,38,39]. Assuming that studies demonstrating that 
resting BOLD fMRI measures are coupled with regional CBF, our results suggests that the 
underlying metabolism of the spontaneous brain activity is different in young children (up to age 
6) compared to adolescents and adults. While studies have shown correlation between BOLD 
and CBF in adults establishing the mechanism of neurovascular coupling in the adult brain but, 
to the best of our knowledge, such studies have not been carried out in children.  As such, in the 
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light of our findings, studies comparing BOLD and CBF in the population of younger age and 
adolescence could shed light on the evolution of the mechanism of neurovascular coupling in the 
brain and provide more on the physiological basis of the development of human brain 
connectivity in general.    
 
Conclusion 
The resting-state CBF data is complementary to the resting-state BOLD fMRI data in studying 
the functional connectivity of the developing brain. We have demonstrated that by studying the 
changes in the characteristic of CBF obtained with ASL MRI, we can better understand the 
development of functional brain connectivity. With ASL becoming a standard sequence on 
commercial MRI scanners, more CBF data will be acquired using ASL MRI in clinical and 
research applications. Using methodology described here, we can establish the developmental 
patterns of cerebral perfusion, therefore the cerebral metabolism and functional brain 
connectivity, in both normal and disease brains.     
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Figure Captions 
Fig. 1 The mean values and standard deviations of global CBF in differing age groups: 6-8 year-
old (N=8, 7.6±0.6 years), 9-11 year-old (N=9, 10.7±0.9 years), 12-14 year-old (N=10, 12.8±0.8 
years), 15-17 year-old (N=10, 16.1±0.8 years), and 18-20 year-old (N=10, 19.0±0.5 years). As a 
comparison, the mean global CBF from a group of newborns (N=10, 0.5±0.1 months) is also 
included [22]. 
Fig. 2 The average relative CBF maps of three different slices from inferior to superior (top row 
to bottom row) in different age groups. As a comparison, the average relative CBF maps for a 
group of ten newborns (N=10, 0.5±0.1 months) is shown on the 1st column. 
Fig. 3 The mean relCBF values in the ROIs selected within different brain regions 
(PCC/precuneus, MPFC/ACC, thalamus on both sides, and insula on both sides) for each age 
group. 
Fig. 4 The regions with relCBF>1 (P=0.001) overlaid on average relCBF maps for each age 
group. It shows the regions with CBF significantly higher than global CBF. 
Fig. 5 Percentage of voxels with relCBF>1 (P=0.001) within the brain section defined by the top 
and bottom slices in Fig. 4 for each age group. 
Fig. 6 For CC maps obtained with ROI seed-based analysis (seed ROI selected in right insula), 
the regions with CC>0.4 (P=0.05) for differing age groups. 
Fig. 7 For CC maps obtained with ROI seed-based analysis (seed ROI selected in 
PCC/precuneus), the regions with CC>0.4 (P=0.05) for differing age groups. 
Fig. 8 For CC maps obtained with ROI seed-based analysis (seed ROI selected in MPFC/ACC), 
the regions with CC>0.4 (P=0.05) for differing age groups. 
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Fig. 9 For CC maps obtained with ROI seed-based analysis (seed ROI selected in right thalamus), 
the regions with CC>0.4 (P=0.05) for differing age groups. 
Fig. 10 Percentage of voxels with CC>0.4 (P=0.05) in CC maps with differing seed ROIs (in 
right insula, PCC/precuneus, MPFC/ACC, and right thalamus, respectively) (Figs. 6-9) within 
the same brain sections for differing age groups. 
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